INTRODUCTION
============

Oxidative DNA damage caused by reactive oxygen species (ROS) generated during metabolism makes a significant contribution to genomic instability, carcinogenesis and cellular ageing. ROS predominantly introduces DNA base or sugar damage leading to single-strand break (SSB) formation ([@B1]). However, DNA double strand breaks (DSBs) can also arise following replication past ROS-induced lesions, their encounter with the transcription machinery or when they arise in close proximity. Although DSBs arise at a lower frequency than SSBs, they are biologically significant if unrepaired or misrepaired. While there are multiple, overlapping pathways for base excision repair (BER) and SSB repair, such that loss of proteins involved in the repair pathways tends to slow but not abolish repair, DSBs are repaired more slowly and loss of the major DSB rejoining pathway is highly significant.

DNA non-homologous end-joining (NHEJ) is the major DSB repair pathway in mammalian cells ([@B2]). Homologous recombination (HR) functions primarily at the replication fork and as a second pathway in late S/G2 phase. Most DSB repair studies have examined DSBs generated by ionizing radiation (IR) (X- or γ-rays). Studies using pulsed field gel electrophoresis (PFGE) have demonstrated fast and slow repair components ([@B3]). Enumerating γ-H2AX as a DSB marker have confirmed these findings and have shown that the slow DSB repair process represents the repair of DSBs that arise in heterochromatic DNA (HC-DSBs) ([@B4]). Further, distinct genetic requirements were observed for the repair of HC versus euchromatic (EU) DSBs; while the fast DSB repair process requires the core NHEJ proteins, Ku70, Ku80, DNA-PKcs, XRCC4, DNA ligase IV and XLF/Cernunnos, the slow process in G0/G1 phase additionally requires ataxia telangiectasia mutated protein (ATM), Artemis, γH2AX, MDC1, RNF8, RNF168, the MRN complex and 53BP1 ([@B5],[@B6]). A role for ATM in the repair of HC DSBs is further supported by the finding that KAP-1, a heterochromatic building factor, is an ATM substrate and KAP-1 siRNA relieves the requirement for ATM for DSB repair ([@B4],[@B7]). It is proposed that HC poses a barrier to DSB repair that is relieved by ATM-dependent KAP-1 phosphorylation, that pKAP-1 foci at HC-DSBs are required for HC-DSB repair and that their formation requires the damage response mediator proteins described above.

ROS-induced DNA damage is similar to, but distinct from, IR-induced damage. Although a substantial contribution to IR-induced damage represents oxidative damage from secondary electrons, multiple lesions can arise in close proximity generating complex DSBs. This is especially true of high linear energy transfer (LET) radiation but is also a feature of low LET (X- or γ-ray) radiation ([@B8]). Two types of 'complex' lesions can arise: those with non-ligatable termini due to associated base or sugar damage (dirty DSBs) or multiply damaged sites where multiple DSBs, DSBs/SSBs and/or base damage arise in close proximity. ROS-induced DSBs represent dirty DSBs but do not have multiple damages in close proximity. The impact of damage complexity on DSB repair is evident by the slow rejoining kinetics of DSBs induced by high LET radiation ([@B9]). However, the *in vivo* impact of complex lesions following low LET radiation is less clear. Additional questions in considering endogenous versus IR-induced DSBs are whether higher order chromatin structure confers protection against endogenously induced DNA damage and whether differences exist between mouse and human cells. Mouse cells appear to sustain a greater level of oxidative damage and are more sensitive to oxygen tension than human cells, either because they generate high levels of ROS or because they have reduced scavenging capacity ([@B10]). Thus, while mice and mouse cells defective in NHEJ proteins show elevated endogenous genomic instability, it is unclear if this is fully replicated in human patients or cell lines ([@B11]).

The elevated genetic instability in mouse cells lacking NHEJ proteins strongly suggests that NHEJ plays a role in repairing DSBs arising from oxidative damage. Whether these DSBs arise following replication or in non-replicating cells is currently unclear ([@B11],[@B12]). Whether ATM and Artemis have roles in repairing endogenously arising DSBs has not been shown to date. A-T cells are hypersensitive to the killing and clastogenic effects of a range of oxidative stress-inducing agents (e.g. hydrogen peroxide and *t*-butyl hyrdoperoxide) and fail to activate cell cycle checkpoint arrest after oxidative damage ([@B13; @B14; @B15]). However, whether this sensitivity can be entirely attributed to ATM's checkpoint function and/or whether ATM functions in the repair of endogenously induced DSBs is unknown. Mouse cells lacking Artemis also show endogenous genomic instability but this has not been reported in human Artemis defective cells ([@B16]). The effect of endogenously arising DSBs in Artemis cells is an important question since most Artemis patients have null mutations. While their immunodeficiency can be controlled following bone marrow transplantation, the majority of patient cells still lack Artemis activity.

One difficulty in examining the impact of oxidatively induced DSBs is the low frequency at which they arise, most particularly in non-replicating cells. The use of oxidative DNA damaging agents has hitherto been difficult due to the high ratio of SSB: DSB damage induced by ROS, which has restricted the use of insensitive physical methods such as PFGE for DSB analysis. γ-H2AX foci analysis represents a sensitive technique allowing these questions to be addressed; further it can be used to examine DSB repair at sites of differing chromatin complexity. Damage response signalling is carried out predominantly by two phosphoinositol 3-kinase like kinases (PIKKs), ATM and ataxia telangiectasia and Rad3 related (ATR) (although DNA-PK can provide some overlapping function with ATM) ([@B17],[@B18]). ATR is activated by single-stranded regions of DNA, which can arise during replication but is not activated by single-strand nicks or base damage. ATM, in contrast, is predominantly activated by DSBs. Thus, similar to the response to IR, the majority of oxidative damage in non-replicating cells fails to activate ATR, and ATM is only activated when DSBs arise. γ-H2AX analysis has thus provided a sensitive assay to monitor DSB formation and repair following exposure to IR in non-replicating cells ([@B5],[@B19],[@B20]).

Here, we use this sensitive technique to assess endogenously induced DSB formation and repair or DSBs induced by an agent generating oxidative damage. We examine the repair of ROS-induced DSBs with a focus on the function of ATM or Artemis. We show that DSBs can arise endogenously in non-replicating cell cultures in EU and HC regions and that Artemis and ATM function in the repair of such endogenously induced HC-DSBs. Further, we show that ATM and Artemis function in the repair of DSBs induced by tert-butyl hydroperoxide (TBH), an agent that induces oxidative DNA damage. These findings are important in evaluating the clinical impact of mutations in these proteins and how patients lacking Artemis or ATM respond to oxidative stress.

MATERIALS AND METHODS
=====================

Cell culture and reagents
-------------------------

Primary fibroblasts from 1BR.3 and 48BR (control), F02/385 and CJ179 (Artemis null), 495GOS and 411BR (Ligase IV hypomorphic), AT1BR and AT5BR (ATM defective) and hTERT immortalized fibroblasts, 1BRhTERT, CJ179hTERT, AT1BRhTERT and 495GOShTERT, were grown in minimal essential medium (MEM) as described previously ([@B5]). Primary fibroblasts derived from Glutathione deficient (GS**^−^**^/^**^−^**) and control (GS^+/+^) patients were a generous gift from Dr M. Harm-Ringdahl and S. Haghoost (Stockholm University, Sweden). Primary mouse embryo fibroblasts (MEFs) derived from control (ATM WT, LigIV WT), LigIV defective (LigIV^Y288C^) and A-T (ATM**^−^**^/^**^−^**) mice were cultured in either 3% or 20% O~2~ in MEM supplemented with 15% heat inactivated foetal calf serum (FCS), penicillin--streptomycin and [l]{.smallcaps}-Glutamine. TBH was added to complete culture medium at concentrations specified. For longevity studies (chronic treatment) fresh TBH was added to the medium every 72 h. For repair analysis (acute treatment), TBH was added at a concentration of 10 mM. After 30 min incubation at 37°C, TBH was removed and cells allowed to repair for times indicated. The ATM inhibitor (ATMi) KU-55933 was a gift from KuDos Pharmaceuticals and was used at a final concentration of 10 µM.

Immunofluorescence
------------------

Primary γ-H2AX, α-53BP1, pKAP-1, TriMeK20-H4, α-BudR, Caspase-3 (Asp175) and α-PAR antibodies were obtained from Milipore (Watford, UK), Bethyl (Montgomery, AL, USA) Abcam (Cambridge, UK), Santa Cruz (CA, USA), Cell Signalling (Boston, MA, USA) and Enzo Life Sciences (Exeter, UK) respectively. Secondary antibodies were obtained from Dako (Glostrup, Denmark). Cells were fixed in 3% paraformaldehyde, 2% sucrose phosphate-buffered saline (PBS) for 10 min and permeabilized in 20 mM HEPES pH 7.4, 50 mM NaCl, 3 mM MgCl~2~, 300 mM sucrose and 0.5% Triton X-100 (Sigma-Aldrich, Poole, UK) for 2 min. Primary antibody incubations were carried out for 45 min at 1:800 for γ-H2AX, 1:500 α-53BP1, 1:300 pKAP-1, 1:200 TriMeK20-H4, 1:100 α-BudR, 1:400 Caspase-3 (Asp175), 1:200 α-PAR, in PBS supplemented with 2% bovine serum fraction V albumin (BSA) (Sigma-Aldrich, Poole, UK) and followed by washing in PBS. Incubations with α-mouse TRITC and FITC or with α-rabbit Cy3 secondary antibodies (Sigma-Aldrich, Poole, UK) were performed at RT at 1:200 in 2% BSA for 45 min. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Poole, UK) for 10 min.

β-Galactosidase staining
------------------------

Primary fibroblasts were plated onto 3 cm^2^ dishes and grown in 20% O~2~ for 7 weeks or irradiated with 10 Gy. Growth medium was removed and cells washed with PBS before fixation with 2% formaldehyde, 0.2% glutaraldehyde in PBS for 10 min RT. Cells were then washed with PBS and stained with 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 40 mM citric acid/sodium phosphate (pH 6.0), 0.15 M NaCl, 2 mM MgCl~2~ and 1 mg 5-bromo-4-chloro-3-indolyl-β-[d]{.smallcaps}-galactopyranoside powder (New England Biolabs, Hitchin, UK). Cells were incubated overnight at 37°C. After 18 h of incubation, cells were monitored for the development of blue staining under a light microscope.

Transient knockdown of protein expression
-----------------------------------------

Knockdown of KAP-1 in primary human fibroblasts was achieved using Metafectene (Biotex, Planegg, Germany) mediated transfection (according to the maunfacturer's instructions) with 100 pmol of siRNA duplexes per 2× 10^5^ cells. siRNA duplexes were Stealth^TM^ RNAi synthesized by Invitrogen (Paisley, UK): KAP-1= CAGUGCUGCACUAGCUGUGAGGAUA (human cDNA nucleotides 450--475). For DSB repair experiments, cells were treated with 10 mM TBH for 30 min 72 h post-transfection.

DNP detection
-------------

Primary human fibroblasts were grown to conflency in 3 cm^2^ dishes at 20% oxygen and 1 × 10^6^ cells harvested at either Week 0 or Week 7. Cells were lysed in 2× reducing SDS loading buffer at 95°C for 5 min and loaded onto a 7% polyacrylamide gel. Proteins were subsequently transferred to a nitrocellulose membrane and derivatized with DNPH followed by immunoblotting using α-DNP and α-HRP antibodies as instructed by the manufacturers (Cell Biolabs, San Diego, CA, USA).

RESULTS
=======

ATM and Artemis are required for the repair of ROS-induced DSBs
---------------------------------------------------------------

Firstly, we examined the induction and repair of DSBs following treatment with TBH or *t*-BOOH, a stable H~2~O~2~ derivative that generates ROS. To avoid the impact of replication-induced DSBs and/or the characterized role of ATM in cell cycle checkpoint arrest, we used confluence arrested primary human fibroblasts ([@B21]). Fibroblasts derived from patients lacking ATM (AT1BR), Artemis (CJ179) or harbouring a hypomorphic mutation in DNA ligase IV (495GOS) were exposed to 10 mM TBH for 30 min, which, from preliminary studies, causes a similar level of γ-H2AX foci formation to that induced by 3 Gy γ-rays (data not shown). In control experiments, we have previously shown that low doses of H~2~O~2~ fail to induce γ-H2AX foci in confluent cells despite inducing a large number of SSBs assessed by the comet assay, consistent with the notion that SSBs do not activate ATM or ATR in non-dividing cells ([@B22]). Here, we show that, like H~2~O~2,~ exposure to 10 mM TBH also induces a large number of SSBs as assessed by poly(ADP-ribose) (PAR) synthesis ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr331/DC1)). DSB repair was monitored by enumerating the rate of loss of γ-H2AX foci ([@B22]). As shown previously, following exposure to γ-rays, ATM and Artemis fail to repair a subset (∼15%) of induced DSBs that represent those repaired with slow kinetics in control cells ([@B5]) ([Figure 1](#F1){ref-type="fig"}A). Thus, at 2 h post IR ATM**^−^**^/^**^−^** (AT1BR) and Artemis**^−^**^/^**^−^** (CJ179) cells display a similar level of γ-H2AX foci to control cells but have elevated foci numbers at 24 h post exposure. In contrast, 495GOS (LIG4 Syndrome) shows slow repair of all DSBs due to the hypomorphic mutation which does not fully inactivate DNA ligase IV. By 72 h post 3 Gy, all three repair defective cell lines harbour a similar level of γ-H2AX foci. Surprisingly, the kinetics of γ-H2AX foci loss following exposure to 10 mM TBH are almost identical to that observed following exposure to γ-rays. Significantly, elevated unrepaired DSBs are observed in all three mutant cell lines from 24 to 72 h post treatment ([Figure 1](#F1){ref-type="fig"}B). Similar results were also obtained after addition of TBH to control cells exposed to the ATM inhibitor, KU55933 ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr331/DC1)). The low number of γ-H2AX foci induced by TBH treatment and their slow rejoining in 495GOS after IR, strongly supports the notion that under these non-replicating conditions, γ-H2AX foci arising after TBH treatment represent DSBs. These findings strongly suggest that despite the difference in complexity of ROS and IR-induced DSBs, they are repaired with similar kinetics, have a similar sized slow DSB repair component and a similar requirement for ATM and Artemis for repair. Figure 1.Rate of DSB repair of γ-ray and TBH-induced DSBs in control and mutant cell lines. (**A**) Control (1BR.3), an A-T (AT1BR), an Artemis-defective (CJ179) and a DNA ligase IV-deficient (459GOS) cell line were exposed to 3 Gy γ-rays or (**B**) 10 mM TBH for 30 min and γ-H2AX foci enumerated at the times indicated. For TBH, Time 0 represents 30 min post TBH removal. Cells were grown to confluency prior to treatment and maintained under confluency during analysis. The results have been normalized to DSB induction at 30 min post treatment to allow comparison between lines and treatments. Similar γ-H2AX foci numbers were induced by the IR and TBH treatments in all cell lines (data now shown). Results represent the mean ± SEM of three experiments.

Primary A-T MEFs accumulate endogenously arising γ-H2AX foci under non-replicating conditions
---------------------------------------------------------------------------------------------

Having shown that ATM and Artemis are required for the repair of a subset of ROS-induced DSBs following non-physiological exposure to TBH, we next examined whether DSBs can arise endogenously under non-replicating conditions (likely via ROS damage) and whether ATM and Artemis function in their repair. Previous studies have shown that MEFs are sensitive to the oxygen tension at which they are grown due to high levels of ROS and/or limited free radical scavenging capacity ([@B10]). As a result, MEFs display reduced proliferation potential when cultured at 20% compared to 3% oxygen, which is closer to the physiological oxygen tension. We examined the accumulation of γ-H2AX foci under non-replicating conditions exploiting the ability of primary MEFs (like human fibroblasts) to undergo confluency arrest. Similar experiments were previously carried out using LigIV^Y288C^ MEFs ([@B23]) and are included here for comparison ([Figure 2](#F2){ref-type="fig"}A). Firstly, we verified that the confluency arrested MEFs were non-replicating by examining BudR incorporation ([Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gkr331/DC1)). We failed to observe any cells incorporating BudR under such conditions. Accumulation of γ-H2AX foci in LigIV^Y288C^ MEFs but not control MEFs provides strong evidence that DSBs arise under these non-replicating conditions. Low passage WT and ATM**^−^**^/^**^−^** primary MEFs were examined in parallel (Artemis**^−^**^/^**^−^** primary MEFs were not available). Although WT MEFs showed no change in foci numbers/cell over the 4 week period examined, ATM**^−^**^/^**^−^** MEFs showed a gradual and statistically significant increase in γ-H2AX foci similar to that previously observed in LigIV^Y288C^ MEFs ([Figure 2](#F2){ref-type="fig"}A). An examination of the distribution of γ**-**H2AX foci between cells showed that at Week 4 \>50% of the population had increased foci numbers compared to cells at Week 0, demonstrating that the results are not caused by a minor subfraction of the population with very high foci numbers ([Figure 2](#F2){ref-type="fig"}B). In these experiments, the MEFs were grown at 20% oxygen but similar findings were observed in cells grown at 3% oxygen suggesting that under these conditions DSB accumulation is not oxygen tension dependent ([Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gkr331/DC1)). To verify that these DSBs were not reflective of apoptotic cells, we carried out caspase staining of Week 4 MEFs, and failed to observe any caspase positive cells. Treatment with 100 µM etoposide, in contrast, efficiently induced apoptosis ([Supplementary Figure S3C](http://nar.oxfordjournals.org/cgi/content/full/gkr331/DC1)). These findings provide the first evidence that ATM functions in the repair of endogenously induced DSBs and that the rate of DSB accumulation is similar to that observed in LigIV^Y288C^ MEFs. Further, the results show that WT cell cultures can efficiently repair any DSBs generated so that no overall DSB accumulation is observed. Figure 2.ATM**^−^**^/^**^−^** MEFS show decreased proliferative capacity and increased DSB formation under non-replicating and replicating conditions. (**A**) Early passage WT, ATM**^−^**^/^**^−^** and LigIV^Y288C^ primary MEFs were grown to confluency in 20% oxygen and maintained under non-replicating conditions for the times indicated. At weekly intervals γ-H2AX foci were enumerated. The results represent the mean and standard deviation of three experiments. The results for LigIV^Y288C^ MEFs have been previously published and are included for comparison ([@B23]). (**B**) Distribution of γ-H2AX foci in A. The number of foci scored in (A) at Week 0 and 4 is plotted as the percentage of cells with 0--2, 3--5 or \>6 foci per cell. (**C**) Primary ATM**^−^**^/^**^−^** MEFs were maintained under replicating conditions. When confluent cell numbers were counted, the MEFs passaged and the number of cells re-plated recorded. Trypan blue exclusion was carried out to count only viable cells. After 50 days, MEFs grown at 3% oxygen commenced rapid growth and were considered to have immortalized. (**D**) At weekly intervals, γ-H2AX were enumerated. ATM**^−^**^/^**^−^** MEFs ceased growth after Week 2 at 20% oxygen. In contrast ATM**^−^**^/^**^−^** MEFs proliferated in 3% O~2~ but did not continue to accumulate γ-H2AX foci with time, possibly due to selective loss of cells with high unrepaired DSBs.

Primary ATM^−/−^ MEFS show decreased proliferation potential and increased γ-H2AX foci numbers under replicating conditions
---------------------------------------------------------------------------------------------------------------------------

We previously showed that LigIV^Y288C^ MEFs maintained under replicating conditions have reduced proliferation capacity and elevated γ-H2AX foci numbers compared to control MEFs and that the impact was greater at 20% compared to 3% oxygen ([@B23]). Here, we examined proliferation and γ-H2AX foci formation in replicating primary ATM**^−^**^/^**^−^** MEFs. ATM**^−^**^/^**^−^** MEFs showed markedly reduced proliferation potential at 3% oxygen compared to control MEFs with a proliferative capacity similar to that previously shown by LigIV^Y288C^ MEFs ([Figure 2](#F2){ref-type="fig"}C) ([@B23]). At 20% oxygen, ATM**^−^**^/^**^−^** MEFs have little proliferative capacity, displaying an impact more marked than the LigIV^Y288C^ MEFs. γ-H2AX foci accumulated at an elevated frequency compared to control MEFs under both 20% and 3% oxygen with the level of foci accumulation being greater at 20% compared to 3% oxygen ([Figure 2](#F2){ref-type="fig"}D). Significantly, γ-H2AX foci numbers correlated with proliferative capacity, being greater in ATM**^−^**^/^**^−^** MEFs compared to LigIV^Y288C^ MEFs and greater at 20% compared to 3% oxygen. The γ-H2AX foci accumulating in these replicating cells could represent unrepaired DSBs or the phosphorylation of γ-H2AX at stalled replication forks via ATR activation (which likely involves the formation of single-stranded DNA regions rather than DSB formation). Furthermore, since ATM is also required for cell cycle checkpoint arrest, the enhanced levels of DNA damage could be a consequence of a failure to undergo checkpoint arrest, a failure to repair endogenously induced DSBs or the combined impact. Notwithstanding the underlying basis, these findings provide evidence that ATM**^−^**^/^**^−^** MEFs accumulate a greater level of damage compared to control cells and that, in contrast to the situation with non-replicating cells, this impact is more marked when MEFs are grown at 20% compared to 3% oxygen.

ATM, Artemis and DNA ligase IV prevent endogenous DSB accumulation in human fibroblasts
---------------------------------------------------------------------------------------

Primary human fibroblasts are less sensitive to oxygen tension and have enhanced proliferative capacity compared to primary MEFs ([@B10]). To examine whether endogenous DSBs arise in non-replicating human fibroblasts and to assess the role of ATM and Artemis in the repair of such lesions, early passage primary human fibroblasts defective in ATM (AT1BR) or Artemis (CJ179) or deficient in DNA ligase IV (495GOS) were grown to confluency and maintained in culture (20% oxygen) for up to 7 weeks. γ-H2AX foci were enumerated at weekly intervals. DSB accumulation was observed in all three mutant cell cultures similar to, although less dramatic than, the findings with primary MEFs consistent with the notion that MEFs incur a higher level of oxidative damage compared to human cells ([Figure 3](#F3){ref-type="fig"}A) ([@B10]). The accumulation was slightly less marked for the LIG4 Syndrome cells (495GOS) compared to the A-T and Artemis-defective cells. The larger error bars observed in repeat experiments using the Artemis defective cell line (CJ179) limited direct comparison between cell lines, however. Figure 3.ATM, Artemis and DNA ligase IV function to prevent endogenous DSB accumulation in non-replicating primary human fibroblasts. (**A**) Early passage primary human fibroblasts derived from a control (1BR.3), A-T (AT1BR), Artemis-defective (CJ179) and a LIG4 Syndrome (495GOS) patient were grown to confluency and maintained under non-replicating conditions. At weekly intervals, γ-H2AX foci were enumerated. Results represent the mean ± SEM of three experiments. (**B**) Distribution of γ-H2AX foci in A. The foci counted in panel A at Week 0 and 7 are plotted as the percentage of cells with 0--2, 3--5 or greater than 6 foci per cell. (**C**) Primary human fibroblasts derived from control (48BR and GS^+/+^), A-T (AT5BR), Artemis-defective (CJ179), LIG4 syndrome (495GOS) and Glutathione deficient (GS**^−^**^/^**^−^**) patients were maintained under confluency in 20% O~2.~ After 7 weeks, they were analysed for the presence of protein carbonyl derivatives by immunoblotting with α-DNP. The α-DNP signal was not significantly increased in any of the repair defective cells but was elevated in GS**^−^**^/^**^−^** cells. (**D**) Quantification of α-DNP immunoblots from three independent experiments. (**E**) Glutathione proficient (GS^+/+^) and deficient (GS**^−^**^/^**^−^**) cells were maintained under non-replicating conditions for 7 weeks. γ-H2AX foci were enumerated at weekly intervals. No increase in γ-H2AX foci accumulation was observed in the GS**^−^**^/^**^−^** cells. (**F**) Staining for the senescence marker, β-galactasidase (β-Gal), and the apoptotic marker, capase-3, was carried out at Week 7 in all three mutant cell lines. Irradiated 1BR.3 cells were used as a positive control. No β-galactasidase staining or cleaved caspase-3 was observed in any of the non-IR treated cell lines; in contrast strong straining was observed following 10 Gy IR or 100 µM etoposide. AT1BR cells at Week 7 are shown but the results are representative of all cell lines.

Examination of the distribution of γ-H2AX foci between cells showed that at Week 7 \>50% of the cells had elevated foci numbers compared to cells at Week 0 ([Figure 3](#F3){ref-type="fig"}B). Similar findings were obtained with AT5BR, another A-T cell line, F02/385, another Artemis defective cell line and 411BR, another LIG4 Syndrome cell line ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr331/DC1)).

Non-replicating ATM and Artemis-defective human fibroblasts do not show significantly enhanced oxidative stress or senescence
-----------------------------------------------------------------------------------------------------------------------------

A potential explanation for these findings is that ATM**^−^**^/^**^−^**, Artemis**^−^**^/^**^−^** and DNA ligase IV-defective cells incur high levels of ROS damage due to increased oxidative stress. Indeed, previous studies have reported that ATM**^−^**^/^**^−^** neuronal cells may suffer oxidative stress ([@B24]). However, neuronal cells are highly metabolically active in contrast to primary fibroblasts. To gain insight into whether the patient human fibroblasts might suffer elevated oxidative damage, we examined the level of oxidized proteins using an assay that monitors protein carbonyl derivatives following pre-derivitization of the carbonyl groups with DNPH (dinitrophenylhydrazine) and immunoblotting with α-DNP ([@B25],[@B26]). We used a primary human fibroblast lacking glutathione synthetase (GS), to verify the efficacy of our assay ([Figure 3](#F3){ref-type="fig"}C and D) ([@B27],[@B28]). GS is involved in the generation of GSH, which is central to several antioxidant responses. Control and mutant primary fibroblasts were maintained for 7 weeks and the level of α-DNP assessed. Although we observed a small increase in α-DNP levels in the A-T cell line after 7 weeks maintenance under non-replicating conditions, the difference was not statistically significant. No difference was observed in the Artemis and LIG4 Syndrome cells. In marked contrast, we observed a clear increase in GS**^−^**^/^**^−^** cells after prolonged maintenance in G0 phase. The GS**^−^**^/^**^−^** cells, however, did not show any increase in γ-H2AX foci numbers suggesting that they efficiently repair any DSBs induced ([Figure 3](#F3){ref-type="fig"}E). The fact that GS**^−^**^/^**^−^** cells did not show enhanced protein oxidation at Week 0 suggests either that ROS damage is specifically enhanced following prolonged maintenance at G0 phase or that selection during replication prevents the accumulation of cells with high levels of oxidized proteins. Nothwithstanding this, these studies demonstrate that neither ATM nor Artemis-defective cells have dramatically increased levels of glutathione-based oxidative damage. Further, GS**^−^**^/^**^−^** cells, which do have increased protein oxidation, can efficiently repair any excess DSBs generated. Although, it cannot be ruled out that other forms of oxidative damage are specifically enhanced, the results provide evidence that the mutant human fibroblasts do not specifically suffer generalized oxidative stress.

An alternative possibility to explain elevated γ-H2AX foci numbers is that the repair defective cells might undergo premature senescence or apoptosis when maintained under non-replicating conditions. Staining for β-galactosidadase, a senescence marker and cleaved caspase-3, a marker of apoptosis, showed that at 7 weeks when significant unrepaired DSBs have accumulated, none of the repair defective cell lines exhibit any signs of senescence or apoptosis ([Figure 3](#F3){ref-type="fig"}F).

Artemis and ATM-deficient cells accumulate ROS-induced DSBs at HC regions
-------------------------------------------------------------------------

Given our previous findings that ATM functions in the repair of HC-DSBs, our finding of a similar DSB repair defect following TBH or γ-ray exposure suggests that ROS damage induces HC-DSBs. This was not entirely expected since we predicted that HC might serve as a barrier to restrict ROS-induced DNA damage. Therefore, we sought to consolidate the notion that endogenously arising DSBs can arise in HC regions by exploiting the studies using primary MEFs, which have detectable densely staining DAPI chromocentres, similar to those observed in mouse NIH3T3 cells. Following maintenance of non-replicating WT and ATM**^−^**^/^**^−^** MEFs for 5 weeks at 20% oxygen, cells were processed to examine 53BP1 foci (another DSB marker that co-localizes with γ-H2AX) together with DAPI staining. Using imaging software to assess overlap between 53BP1 and densely staining DAPI chromocentres, we observed 60--70% overlap at 5 weeks compared to 30--40 % at Week 0 ([Figure 4](#F4){ref-type="fig"}). This is similar to the overlap observed in ATM**^−/−^** human cells following IR exposure ([@B4]). As for IR-induced DSBs, the 53BP1 foci localize to the periphery of DAPI-staining chromocentres and are never located within their centre. Figure 4.ROS induces DSBs in MEFs at HC chromocentres. At Weeks 0 and 4, ATM WT and ATM**^−^**^/^**^−^** MEFs were processed to allow visualization of 53BP1and DAPI chromocentres. The percent of 53BP1 foci that are associated (at the periphery) with DAPI chromocentres was scored using a Zeiss microscope and Image J software. The high overlap (40%) at Week 0 likely reflects the enhanced persistence of HC-DSBs in control and ATM**^−^**^/^**^−^** MEFS, which is distinct to our previous analysis of stochastically arising DSBs at 30 min post IR ([@B4]). Importantly, the DSBs that accumulate in ATM**^−^**^/^**^−^** cells by Week 4 have an enhanced localization to chromocentres. The actual number of γH2AX foci accumulating in these experiments was similar to that obtained in [Figure 2](#F2){ref-type="fig"}A.

Artemis functions downstream of KAP-1 phosphorylation
-----------------------------------------------------

Our previous studies have focused on the role of ATM in HC-DSB repair. Here, we examined the point at which Artemis functions. First, we exploited our previous finding that KAP-1 siRNA relieves the requirement for ATM for DSB repair due to the requirement for KAP-1 in generating the HC superstructure ([@B4]). We, therefore, examined whether KAP-1 siRNA similarly relieves the requirement for Artemis. hTERT immortalized cell lines were used to provide enhanced siRNA efficiency. Artemis**^−^**^/^**^−^** (CJ179hTERT) cells were exposed to 10 mM TBH following either control or KAP-1 siRNA and γ-H2AX foci enumerated in KAP-1 negative cells only. hTERT derivatives of WT (1BR.3), A-T (AT1BR) and a LIG4 Syndrome cell line (495GOS) were also examined. Following control siRNA, the anticipated DSB repair defect was observed at 24 h post TBH treatment in AT1BR, CJ179 and 495GOS cells ([Figure 5](#F5){ref-type="fig"}A; consistent with [Figure 1](#F1){ref-type="fig"}B). While siRNA KAP-1 substantially relieved the requirement for ATM for DSB repair, this was not observed in CJ179 or 495GOS cells. Similar results were also observed for IR treated CJ179hTERT cells ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr331/DC1)). The ability of KAP-1 siRNA to relieve DSB accumulation in ATM**^−^**^/^**^−^** cells after TBH substantiates the findings above that TBH induces HC-DSBs. Importantly, the failure of KAP-1 siRNA to relieve the defect in CJ179 cells demonstrates that Artemis does not directly function in promoting HC relaxation and suggests that it functions downstream of ATM-dependent KAP-1 phosphorylation. Figure 5.Artemis functions downstream of pKAP-1 foci formation. (**A**) KAP-1 siRNA does not relieve the requirement for Artemis for DSB repair. KAP-1 siRNA in hTERT immortalized human fibroblasts derived from a control (1BR.3), A-T (AT1BR), Artemis-defective (CJ179) and LIG4 Syndrome (495GOS) patient. Following siRNA, cells were treated with 10 mM TBH for 30 min and γ-H2AX enumerated at times indicated 30 min post treatment. Following control siRNA, the anticipated DSB repair defect at 24 h post TBH treatment was observed in control, A-T, Artemis and LIG4 syndrome cells (as in [Figure 1](#F1){ref-type="fig"}A). siRNA KAP-1 substantially relieves the requirement for ATM. This is not observed in Artemis or LIG4 syndrome cells. Identical results were obtained with Artemis**^−^**^/^**^−^** and ATM inhibited**^−^**^/^**^−^** cells following 3 Gy IR ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr331/DC1)). Similar results for ATM**^−^**^/^**^−^** cells have been shown previously following IR exposure ([@B4]). (**B**) Primary human fibroblasts derived from a control (1BR.3), A-T (AT1BR) and Artemis-defective (CJ179) patient cells were examined for γ-H2AX and pKAP-1 foci following maintenance under non-replicating conditions for 7 weeks, 72 h post TBH exposure (10 mM for 30 min) or IR (3 Gy). γ-H2AX foci persisting in ATM**^−^**^/^**^−^** cells show no evidence of pKAP-1 foci. In contrast, the majority of γ-H2AX foci persisting in the absence of Artemis co-localize with pKAP-1 (\>70%). We have not attempted to quantify the level of co-localization since, particularly in control cells, the number of residual foci is low.

Next, we examined whether KAP-1 phosphorylation occurs normally in Artemis defective cells. Previously, we reported that pKAP-1 occurs in a pan nuclear manner at early times post IR exposure and as discrete foci at later times ([@B4],[@B6]). Further, pKAP-1 foci only form at HC-DSBs, where there is a high concentration of KAP-1 ([@B6]). We examined whether Artemis**^−^**^/^**^−^** cells form pKAP-1 foci after IR, TBH exposure and prolonged maintenance in G0. Under all conditions, we observed that the γ-H2AX foci persisting in the absence of ATM do not harbour pKAP-1 foci consistent with the notion that ATM has an overlapping function with DNA-PKcs in generating γ-H2AX but uniquely phosphorylates KAP-1 ([Figure 5](#F5){ref-type="fig"}B). Strikingly, however, nearly all of the γ-H2AX foci persisting in Artemis**^−^**^/^**^−^** cells under all three conditions co-localize with pKAP-1 foci (∼70% co-localization). These findings consolidate the notion that Artemis functions downstream of KAP-1 phosphorylation and that unrepaired DSBs harbouring pKAP-1 persist in the absence of Artemis. Additionally, the fact that the endogenously arising DSBs co-localize with pKAP-1, which form predominantly at HC-DSBs, further adds to the conclusion above that ROS can induce DSBs within HC-DNA and thus, that HC is not a substantial barrier to endogenously arising DSBs.

DISCUSSION
==========

ATM and Artemis are required for the repair of a subset of IR-induced DSBs, representing those that arise in HC ([@B5]). Here, we examine whether ATM and Artemis function in the repair of DSBs induced by oxidative damage or those arising endogenously. Previous studies have shown that oxidative damage activates ATM-dependent cell cycle checkpoint arrest but ATM's role in the repair of endogenously induced DSBs has not been previously examined ([@B15]). We show that ATM and Artemis are required for the repair of DSBs that arise endogenously or following TBH treatment and provide strong evidence that they represent HC-DSBs.

To avoid the impact of replication damage and checkpoint arrest, we have primarily focused on DSB repair in non-replicating cells. We find that DSBs generated by TBH treatment or IR are repaired with similar kinetics, have a similar magnitude of a slow component and a similar requirement for ATM and Artemis for repair. This is further supported by our finding that KAP-1 siRNA bypasses the need for ATM in the repair of ROS-induced DSBs as for IR-induced DSBs and that the persisting DSBs harbour pKAP-1 foci, a feature which only arises at KAP-1 rich HC DSBs. This strongly suggests that ROS-induced DSBs arise in HC with a ratio of HC:EU DSBs being similar (1:5) to that induced by IR. This ratio is similar to the estimated ratio of HC:EU DNA ([@B4]). Previous findings have demonstrated that chromatin is a barrier to ROS-induced DNA damage. Our findings here suggest that HC does not act as a substantial additional barrier. We have previously shown that DSBs induced by neocarzinostatin (NCS) are also repaired with similar kinetics to IR-induced DSBs ([@B4]). Since neither NCS nor TBH induce the clustered damage typical of IR, these findings suggest that the complexity of damage induced by X or γ-rays does not significantly influence the overall rate of DSB repair. Interestingly, etoposide-induced DSBs are repaired more rapidly than ROS or IR-induced DSBs consistent with the notion that directly ligatable DNA ends are repaired more rapidly than 'dirty' DNA ends. In contrast, DSBs induced by high LET radiation, which are highly complex, are repaired more slowly. Overall, these findings are consistent with the notion that the slow component of DSB repair after X-rays represents the repair of HC DSBs. If the repair defect in ATM and Artemis defective cells after X-rays is predominantly due to the role of ATM or Artemis in HC-DSBs, this suggests that neither protein has a significant role in the repair of complex lesions induced by X or γ-rays. It should be stressed, however, that these studies do not assess the fidelity of repair.

Our findings also provide strong evidence that DSBs arise in human cell cultures and MEFs under non-replicating conditions. Although replication is known to be a significant source of endogenous DNA breakage and to limit the lifespan of MEFs whether significant DSBs arise under non-replicating conditions has been less unclear ([@B10]). Perhaps surprisingly, the rate of DSB accumulation under non-growing conditions was not significantly affected by the oxygen tension and could not be prevented by treatment with anti-oxidants (data not shown). Although, it is difficult to verify that these represent DSBs arising from oxidative damage, we have shown that they do not represent DSBs arising from apoptosis or senescence. We have also shown previously that the accumulated DSBs in *LigIV*-deficient MEFs do not localize to telomeres ([@B23]). Thus, we consider it likely that they do arise from oxidative damage. The lack of correlation of their induction with oxygen tension is unclear but since DSBs likely arise with different dose response kinetics to SSBs (possibly dose squared kinetics), it is possible that the correlation with oxygen tension is masked. The strong impact of oxygen tension under replicating conditions in MEFs is consistent with previous findings ([@B10],[@B23]). The lack of impact of anti-oxidants likely reflects the long term nature of these experiments and the ability of cells to adjust to continuous exposure to high oxidant levels. Loss of ATM under replicating conditions resulted in a marked increase in DSB accumulation, which could be a consequence of ATM's repair or checkpoint function, or the dual roles. Indeed, under replicating conditions loss of ATM appears to have a more severe impact than the hypomorphic mutation in DNA ligase IV (compared to a similar impact under non-replicating conditions), suggesting that the checkpoint role of ATM may be significant.

A range of studies have argued that A-T cells are oxidatively stressed with increased ROS levels, impaired mitochondrial membrane potential and/or decreased scavenging capacity ([@B29; @B30; @B31; @B32]). Such studies have led to suggestions that elevated levels of oxidative stress may be a factor contributing to the A-T clinical phenotype ([@B24],[@B33]). Our findings of enhanced DSB accumulation after TBH treatment cannot be attributed to high levels of oxidative damage, however, since the level of DSBs incurred by the TBH treatment was identical in control and A-T cells. This strongly suggests that ATM and Artemis function in the repair of ROS-induced DSBs. It is difficult to eliminate the possibility that elevated oxidative damage contributes to the increased DSB accumulation in A-T cells grown for prolonged periods in culture. However, the similar levels of DSBs accrued in A-T and Artemis cells suggests that this may not be the case, unless Artemis cells are similarly oxidatively stressed. Further, the DSBs that accumulate during prolonged growth are those located at HC regions suggesting that they represent DSBs that specifically require ATM for their repair and, therefore, do not represent a steady state level of stochastically induced DSBs. Our analysis of oxidized proteins in control and A-T cells further suggests that A-T cells do not incur dramatically increased protein damage. While this analysis does not exclude elevated levels of particular oxygen species, this possibility is unlikely. ROS levels may be different between cell types. Our use of human fibroblasts likely explains differences with other studies on A-T cells. Thus, we favour the notion that the elevated accrual of DSBs in A-T, Artemis defective and LIG4 Syndrome cell lines represents a failure to repair DSBs that arise at a similar level in control cells but are efficiently repaired. However, a contribution from enhanced DSB formation as a consequence of elevated oxidative stress cannot be eliminated. Nothwithstanding uncertainties about the origin of the DSBs, our findings demonstrate that ATM and Artemis function in the repair of endogenously induced DSBs that can arise under non-replicating conditions.

Finally, our findings demonstrate that Artemis functions downstream of ATM-dependent KAP-1 phosphorylation. The precise role of Artemis is still unclear but could represent the removal of secondary structures at HC sequences or processing DNA ends. The examination of Artemis function is clinically significant since, although Artemis defective patients display severe combined immunodeficiency (SCID), they currently survive to adulthood following bone marrow transplantation ([@B34],[@B35]). Evaluating the impact of Artemis loss is, therefore, important for optimizing patient care and treatment. In addition to demonstrating a role for Artemis in endogenously arising DSB repair, our findings show that the accumulated DSBs harbour pKAP-1. Previous studies have suggested that pKAP-1 impacts upon higher order chromatin structure, promoting HC relaxation. There is also evidence that it represses the transcription of certain genes otherwise silenced within HC regions ([@B36]). The DSBs that accumulate in the absence of Artemis are thus distinct to those that accumulate in the absence of ATM, with the former but not the latter causing elevated levels of sustained pKAP-1 and hence some degree of HC-relaxation. Further studies will be required to assess the impact of this for Artemis patients. A recent study examining the long-term outcome of immunodeficiency patients following bone marrow transplantation showed that Artemis defective patients fare less well than Rag1/2 patients despite their similar type of immunodeficiency ([@B35]).

In summary, we show that DSBs induced by oxidative damage are repaired with similar kinetics to IR-induced DSBs, have a similar slow component and a similar requirement for ATM and Artemis. Collectively our findings suggest that ROS-induced DSBs can arise in eu- and heterochromatin and that HC does not add a significant additional layer of protection against oxidative damage. We also show that ATM and Artemis function in the repair of endogenously induced DSBs that arise in non-replicating cells that likely represent DSBs arising from endogenously induced ROS damage. We show that Artemis functions downstream of ATM, resulting in the accumulation of DSBs that harbour pKAP-1. These findings are important for considering patient care but add further mechanistic insight into how ROS and IR-induced DSBs are repaired.
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